Abstract: Background: Chemotherapy-induced peripheral neuropathy (CIPN) is a progressive, enduring, and often irreversible adverse effect of many antineoplastic agents, among which sensory abnormities are common and the most suffering issues. The pathogenesis of CIPN has not been completely understood, and strategies for CIPN prevention and treatment are still open problems for medicine.
INTRODUCTION
Chemotherapeutic agents, also known as antineoplastic agents, are used worldwide as the first line of clinical cancer treatment. These agents work by targeting actively growing and dividing cancerous cells. However, these agents also affect normal healthy cells and induce various side effects, such as nausea, dizziness, fatigue, somnolence and insomnia. Among these effects, the impairment of the peripheral nervous system by chemotherapeutic agents results in peripheral neuropathy, a condition referred to as chemotherapy-induced *Address correspondence to this author at the Department of Integrative Medicine and Neurobiology, School of Basic Medical Science, Fudan University, Shanghai 200032, P.O.Box 291, 138 Yi Xue Yuan Road; Tel: +86-21-54237611; E-mail: maoyql@fudan.edu.cn peripheral neuropathy (CIPN). CIPN is an important issue affecting chemotherapeutic patients. The antineoplastic agents associated with CIPN include platinum-based drugs (e.g., carboplatin, cisplatin and oxaliplatin), taxanes (e.g., paclitaxel and docetaxel), epothilones (e.g., ixabepilone), vinca alkaloids (e.g., vincristine and vinblastine), bortezomib, and thalidomide. Patients thus frequently suffer progressive, enduring, often irreversible and dose-limiting nerve damage during the administration of antineoplastic drugs.
Aggravation of CIPN by chemotherapeutic agents triggers the abnormal cutaneous sensations of tingling, numbness, pressure, persistent pain and thermal hyperalgesia. Although the pathogenesis of CIPN has been studied for decades, it is not completely understood. Accumulated evidence indicates that the initiation and progression of CIPN are tightly related with the impairment of chemotherapeutic agent-induced intraepidermal nerve fibers (IENF) [1] , oxidative stress [2] , abnormal spontaneous discharge, ion channel activation [3] , the up-regulation of various pro-inflammatory cytokines, and the activation of the neuro-immune system [4, 5] (Fig. 1) . Based on these findings, multiple drugs have been used to intervene in CIPN, and their effects have been evaluated over the past several decades.
NERVE-PROTECTIVE THERAPY
Although most chemotherapeutic agents do not permeate the blood-brain barrier, they do penetrate the less efficient blood-nerve barrier and can preferentially accumulate in dorsal root ganglion (DRG) neurons and nerve terminals [6] . The high concentrations of these drugs result in increased expression of activating transcription factor-3 (ATF-3; a marker of axonal injury), a decreased density of IENFs in limbs, and abnormal nerve conduction velocities (NCVs; indicating damage to axons and the myelin sheath) [1, 7, 8] . The combined damage of peripheral never fibers, axons and myelin sheaths is thought to be closely linked to CIPN.
Erythropoietin
Erythropoietin (EPO) is a cytokine produced in the kidney that is involved in the regulation of hematopoiesis. EPO has been demonstrated to possess neuroprotective and neurotrophic properties; it enhances nerve regeneration and promotes functional recovery after peripheral nerve injury [9] . Previous studies have shown that EPO partially but significantly prevents the reduction of NCV and IENF loss induced by cisplatin and docetaxel in rodents [10] [11] [12] [13] . The clinical application of EPO greatly benefitted the treatment of anemia induced by paclitaxel [14] and cisplatin [15] . EPO therefore is a promising candidate for concomitant use Fig. (1) . Sketch-map of the mechanism of CIPN. CIPN was initiated and progressed by chemotherapeutic-agents through intraepidermal nerve fibers (IENF) impairment, oxidative stress, abnormal spontaneous discharge, activation of ion channels, up-regulation of various proinflammatory cytokines, and the activation of neuro-immune system. Solid dots refer to the target of different chemotherapeutic agents. Contents in the yellow boxes refer to the pathological progress in peripheral and central nerve systems underlying CIPN. Abbreviation: MAPK, mitogen-activated protein kinase; PKC, protein kinase C; IENF, intraepidermal nerve fiber; DRG, dorsal root ganglion; nNOS, neuronal nitric oxide synthase; T, T lymphocyte; MN, monocytes; MΦ , macrophage; M, microglia; Sch, Schwann cell.
against haematological toxicity and undesirable chemotherapeutic activity. However, because recombinant EPO is associated with tumor cell growth [16] , its use as a CIPN treatment must be approached with caution.
N-acetylcysteine and Glutathione
N-acetylcysteine, an antioxidant, activates glutathione peroxidase, resulting in an increase in the whole blood concentration of glutathione [17] . Glutathione prevents the accumulation of platinum adducts in dorsal root ganglia via its high affinity for heavy metals. Glutathione-mediated neuroprotection has also been linked to the prevention of platinum-induced apoptosis by inhibiting the activation of the p53 signaling pathway [18] [19] [20] . Treatment with eight cycles of glutathione (1,500 mg/m 2 ) before the delivery of oxaliplatin significantly reduced the incidence of moderate to severe neuropathy (Grade 2-4) compared with a placebo group [21] . Thus, glutathione and its precursor, Nacetylcysteine, appear to be promising options for preventing the development of neurotoxicity induced by platinum-based drugs. Whether these antioxidant drugs will decrease the effect of platinum-based drugs on cancer remains to be evaluated.
ION CHANNEL-TARGETED THERAPIES
In addition to morphological impairment, treatment with chemotherapeutic drugs results in enhanced excitability and reduced thresholds in peripheral nociceptors [3, 22] . These electrophysiological changes in neuronal activity are associated with intracellular and extracellular ion concentrations, indicating the involvement of ion channels. Cumulated evidence indicates that the robust activation of voltage-gated sodium, potassium and calcium ion channels, as well as the transient receptor potential (TRP) family, plays a critical role in the pathology of painful CIPN [23] [24] [25] . It has been reported that an up-regulation of TRPV1, TRPA1 and the Na V 1.6 sodium channel after chemotherapeutic exposure is responsible for the heat/cold evoked pain response [26] [27] [28] [29] . In contrast, the inhibition of TRPV4 and voltage-dependent calcium channels resulted in attenuated mechanical allodynia in CIPN animal models [23, 30, 31].
Lidocaine and Mexiletine
Lidocaine and mexiletine are antiarrhythmic compounds with similar structures and electrophysiologic properties. Both are known to block sodium channels. The effect of lidocaine and mexiletine was first examined in rodent models, which revealed a significant reversion of mechanical and cold allodynia induced by oxaliplatin and vincristine [32] [33] [34] . In addition, intravenous lidocaine (1.5 mg/kg in 10 minutes followed by 1.5 mg/kg/h over 5 hours) demonstrated transient anti-allodynic effect in eight out of nine CIPN patients, and persistent analgesic effect (23 days) in five patients [35] . Furthermore, topical lidocaine (5-8%) has a powerful analgesic effect against neuropathic pain associated with diabetes, herpes and trauma [36] [37] [38] . However, although lidocaine was demonstrated to improve wrinkle severity in postchemotherapy patients when administered with hyaluronic acid and abobotulinumtoxin A [39], there remains a lack of convincing evidence supporting its efficacy.
Calcium and Magnesium Infusion
Calcium and magnesium (Ca/Mg) infusion is one of the most promising strategies used for CIPN prevention. Increasing the extracellular calcium concentration by intravenous delivery of calcium and magnesium facilitates the action of sodium channels, thereby blocking them [40, 41] . In a large phase III study involving 720 advanced colorectal cancer patients, 551 patients received a Ca/Mg infusion (2.25 mmol calcium glubionate and 4 mmol MgCl in 100 mL 5% glucose) prior to chemotherapy. Ca/Mg infusion greatly decreased the incidence of all grades of sensory neurotoxicity induced by oxaliplatin [42] . In another double-blinded trial, Ca/Mg (1 g calcium gluconate combined with 1 g magnesium sulfate) markedly reduced the occurrence of Grade 2 neurotoxicity induced by oxaliplatin [43] . However, in a double-blind phase III study involving 353 patients with colon cancer, intravenous Ca/Mg showed no benefit regarding the incidence of oxaliplatin-induced acute neurotoxicity symptoms (including cold intolerance, muscle cramps, and throat discomfort) as well as the occurrence of Grade 2 neurotoxicity when compared to placebo [44] . Furthermore, another two cases show that Ca/Mg infusions altered neither the acute nor chronic neurotoxicity induced by oxaliplatin [45, 46] . Thus, the utility of Ca/Mg infusion must be further examined.
Gabapentin and Pregabalin
Gabapentin and pregabalin are anticonvulsants, which display an anti-nociceptive effect through the blockade of voltage gated calcium channels at presynaptic terminals and the down-regulation of excitatory neurotransmitters [47] [48] [49] [50] . A powerful analgesic effect of both gabapentin and pregabalin on peripheral neuropathy induced by paclitaxel and oxaliplation has been reported. However, gabapentin did not affect vinctistine-induced allodynia [51, 52] . To evaluate the clinical efficacy of gabapentin, 115 patients with symptomatic CIPN were randomly selected to receive gabapentin (at a target dose of 2700 mg/day in three divided doses) or a placebo, and CIPN-related symptoms were evaluated weekly. CIPN scores were improved in both groups during the trial, but gabapentin did not reduce the average pain compared to the placebo. It has also been reported that gabapentin caused modest side effects, including drowsiness, fatigue and dizziness [53] . In contrast, the effect of pregabalin was successfully demonstrated in three clinical cases, with side effects similar to those of gabapentin [54] [55] [56] . Oral administration of pregabalin (at a target dose of 150 mg/day in three divided doses, much less than gabapentin) significantly reduced the severity of sensory neuropathy induced by oxaliplatin by 1-2 grades. However, in a Phase III trial involved 143 patients, pre-administration of oral pregabalin (flexible daily doses of 150-600 mg) during oxaliplatin infusion did not improve chronic pain, as well as the life quality and mood of the cancer patients [57] . Thus, the efficacy of gabapentin and pregabalin against CIPN must be further confirmed.
Menthol
TRPM8 displays a multifaceted role in cold allodynia [58] and cool-mediated analgesia [59, 60] . Menthol, a natural cooling compound, has been applied for the relief of neuropathic [61] and inflammatory [62] pain. Topical 1% menthol cream applied twice daily for 4-6 weeks to painful areas significantly reduced the neuropathic pain and improved sensation (i.e., alleviated numbness) induced by multiple chemotherapeutic agents in most cases [63, 64] . However, 2 patients suffered worse pain following menthol treatment. Because higher doses of menthol resulted in allodynia [65] , an efficient and safe dose of menthol must be carefully selected.
ANTI-INFLAMMATORY THERAPIES
Chemotherapeutic drugs lead to the activation of inflammatory cascades and the release of abundant cytokines and chemokines with pro-and anti-inflammatory characteristics, which play an essential role in the pathology of neurotoxic drug-induced nerve damage. These inflammatory mediators contain growth factors, bradykinin, prostaglandins, serotonin, norepinephrine, nitric oxide and interleukins. Among these factors, tumor necrosis factor alpha (TNFα), interleukin 1 beta (IL-1β), IL-6, IL-8, and chemokine C-C motif ligand 2 (CCL2) are the most notably related with CIPN [66] . Chemotherapy-related matrix metalloproteinases (MMP2, MMP3, MMP9 and MMP24) [67, 68] further trigger the initiation and activation of pro-inflammatory cytokines, including TNFα, IL-1β, IL-6, IL-8 and CCL2. TNFα and IL-1β directly affect A-and C-fibers and cause spontaneous discharge from these nerves [69] , which is associated with the acute and chronic pain induced by paclitaxel and vincristine. The blockage of the nerve growth factor-tyrosine kinase receptor A pathway [70] or treatment with antibodies against TNFα [71] or CCL2 [72] , as well as the upregulation of anti-inflammatory IL-1ra and IL-10 [73], strikingly ameliorated bortezomib-and paclitaxel-induced allodynia. The benefits of blocking pro-inflammatory signaling further emphasize its potential role in the initiation and aggravation of CIPN. Interestingly, this pathological progression involves not only neural cells but also non-neural immune cells; general chemotherapeutic agents are known to result in macrophage infiltration, T lymphocyte recruitment [74] [75] [76] , Schwann cell activation [77, 78] , and an increase in the communication between these cells and satellite cells around DRG neurons.
Metformin
Metformin is a widely used anti-diabetes drug that activates the adenosine monophosphate activated protein kinase (AMPK) pathway. Recently, the effect of metformin on CIPN has been reported. Intraperitoneal administration of metformin significantly prevented the impairment of peripheral IENFs and mechanical allodynia, as well as the numbness induced by cisplatin in mice. A similar effect was observed on mechanical allodynia induced by paclitaxel [79] . Additionally, studies have shown that metformin alleviated pain occurring in response to peripheral nerve injury in rodents [80] . The activation of AMPK is believed to block nociceptive progress by inhibiting the mammalian target of rapamycin (mTOR) pathway [81] . Furthermore, metformin produced an anti-inflammatory effect by decreasing proinflammatory cytokines (TNFα and IL-6) and suppressing the macrophage response via ATF-3 induction in an AMPKdependent manner [82] . In addition, clinical studies have reported that the AMPK activator metformin effectively reduced neuropathic pain in patients suffering from lumbar radiculopathy pain [81] . These findings urge the inclusion of a systematic assessment of neuropathy in trials using metformin on cancer patients, as well as side effects such as lactic acidosis [83] and hepatocellular and cholestatic hepatic injury [84] .
Minocycline
Minocycline is a widely semisynthetic, secondgeneration tetracycline derivative with broad-spectrum activity and a long half-life after administration. It is widely accepted that minocycline inhibits the activation of monocytes, decreases the release of proinflammatory cytokines [85] , and plays an important role in inhibiting the development and maintenance of hypersensitivity in rats [86] . In 2011, J. Boyette-Davis et al. reported that minocycline treatment effectively prevented the loss of IENFs and mechanical sensitivity in oxaliplatin-and taxol-treated animals [7, 87] . In 2017, a polit study reported that minocycline (100 mg twice daily) did not reduce the overall sensory neuropathy (including tingling, burning pain and numbness) associated with paclitaxel. However, minocycline significantly decreased the average pain score and fatigue when compared to placebo [88] . Additionally, researchers have shown that minocycline exhibits anti-inflammatory [89] , anti-apoptotic [90] , and free-radical scavenging effects [91] , and also possesses antitumorigenic potential [92] . Therefore, minocycline might be a promising candidate for CIPN prevention and treatment. However, there is no clinical evidence to support the neuroprotective efficiency of minocycline in cancer patients undergoing chemotherapy. Large clinical trials and animal studies are needed to uncover its effect on CIPN.
NEUROTRANSMITTER-BASED THERAPY
The monoamine neurotransmitters serotonin and norepinephrine have been known to participate in the descending inhibitory nociception pathway and to play an important role in opioid-mediated supraspinal analgesia [93] . Recent data have demonstrated a stronger anti-nociceptive effect of norepinephrine than serotonin [94] , and an increase in both norepinephrine and serotonin results in a greater analgesic effect than an increase in either one alone [95] . These data suggest that targeting serotonin and norepinephrine may represent an efficient strategy in treating painful CIPN. It is necessary to evaluate the effect of the most commonly used monoamine reuptake inhibitors, including serotonin/norepinephrine reuptake inhibitors (SNRIs) and selective serotonin reuptake inhibitors (SSRIs), on CIPN.
Venlafaxine and Duloxetine
Venlafaxine, which inhibits serotonin more strongly at lower doses and inhibits norepinephrine at higher doses, has been used as a preventive strategy against CIPN [50] . In a randomized, double-blind, placebo-controlled phase III trial, venlafaxine (37.5 mg b.i.d. for ten days) along with oxaliplatin infusion significantly reduced the incidence of peripheral neuropathy compared with a placebo. Although ven-lafaxine displayed clinical activity against oxaliplatininduced symptomatic acute neurosensory toxicity, its side effects, including nausea (43.1%) and asthenia (39.2%), should not be ignored [96] .
Unlike venlafaxine, the inhibition by duloxetine of serotonin and norepinephrine is relatively balanced, and duloxetine has been applied to treat rather than prevent CIPN in the clinic [95] . Recently, duloxetine was the subject of a large clinical trial to determine its effect on chemotherapy-induced pain. 231 patients were divided into two groups: those receiving duloxetine during the initial treatment period and a placebo during crossover period as one group, and the opposite administration order as the other. At the end of the initial period, compared to placebo group, the duloxetine group reported a larger decrease in average pain and impaired life function due to pain, as well as relief in numbness and tingling in 41% patients. Interestingly, a greater benefit was observed in platinum-treated patients than in taxanes-treated patients in terms of analgesia. In addition, compared to venlafaxine, fewer adverse effects were reported after duloxetine administration [97] . All of these data suggest that duloxetine may improve CIPN therapy over venlafaxine [98] . However, a direct comparison is necessary.
Tricyclic Antidepressants
Amitriptyline, desipramine and nortriptyline are tricyclic antidepressants that are known to work through the serotonin/norepinephrine pathway [99] . Although repeated amitriptyline administration reduced mechanical allodynia but not cold hyperalgesia in oxaliplatin-treated rats [100] , human studies did not report any benefits of amitriptyline in either the prevention or attenuation of CIPN [101] [102] [103] . A phase III trial of 51 patients was designed to evaluate the use of nortriptyline for the alleviation of the symptoms of cisplatin-induced peripheral neuropathy [104] . Nortriptyline was reported to cause a dramatic decrease in pain when compared to a placebo. However, no difference in paresthesiae was observed. In addition, tricyclic antidepressants may also participate in anticholinergic, antihistaminergic, and antiadrenergic progress, leading to systemic side effects including dry mouth, drowsiness, weight gain, and orthostatism [105] . These data suggest that CIPN is more complex than other neuropathic pain syndromes, and tricyclic antidepressants alone are not sufficient for CIPN therapy.
ANTIOXIDANTS
One of the anti-neoplastic actions of chemotherapy is the production of reactive oxygen species (ROS) to induce apoptosis in cancer cells [2] . However, various oxidative stresses have been detected in the peripheral and spinal nerve systems in response to chemotherapy. Increased neuronal oxidative stress has been reported to expend endogenous antioxidants, affect bioenergetic metabolism, activate ion channels, and promote the occurrence of inflammatory events [106] [107] [108] [109] [110] . These pathological changes result in neuronal apoptosis and structural damage in nerves, including microtubular disruption and demyelination [111] . Therefore, oxidative stress-mediated neurodegeneration is believed to be closely linked with CIPN.
Amifostine
Amifostine is a cytoprotective antioxidant that acts by accelerating DNA repair and suppressing Fas/FasL-mediated apoptosis [112] . Amifostine exerts a protective effect against nephrotoxicity, neurotoxicity and ototoxicity [113, 114] . Several placebo-controlled and/or random trials have investigated the effect of amifostine on the neurotoxicity induced by cisplatin, carboplatin, doxorubicin and paclitaxel. In patients subjected to chemotherapy, premedication with amifostine (740 mg/m 2 ) protected against sensory neuropathy induced by carboplatin/paclitaxel compared to a placebo [115] . Furthermore, a significant remission in severe clinical neuropathy induced by paclitaxel [116] and a decrease in cisplatin resulted in neurotoxicity after six cycles of treatment [117] . Hypocalcemia, hypotension, vomiting, sneezing and nausea are the most common side effects of amifostine treatment [115, 118] .
Mangafodipir
The contrast agent mangafodipir is utilized clinically for magnetic resonance imaging of the liver with no side effects. Mangafodipir is now considered an antioxidant due to its superoxide dismutase mimetic activity resulting from chelate bonding. This property lends mangafodipir a cytoprotective effect against chemotherapy [119] . It has also been shown that compared to a placebo, intravenous delivery of mangafodipir (0.2 mL/kg) before oxaliplatin treatment significantly reduced severe neuropathy events [120] . Furthermore, in a phase II study, intravenous administration of mangafodipir after oxaliplatin treatment for four cycles resulted in an improvement or stabilization in neuropathy, and after eight cycles, a sustainable downgrade or stabilization was reported [121] . These data suggest that mangafodipir could play a pivotal role in CIPN prevention and treatment. However, the toxicity of manganese limits the clinical use of mangafodipir. Thus, the replacement of Mn 2+ (i.e., by Ca
2+
) [122] may be beneficial for developing novel therapies for CIPN.
COMBINED MEDICINE
Combined medicine has attracted increasing attention for use in CIPN intervention. Medics introduced a combination of tricyclic antidepressants and others drugs, including antiepileptics and opioids, in the form of topical creams [123, 124] . A topical gel containing baclofen (10 mg), amitriptyline HCL (40 mg), and ketamine (20 mg) in a pluronic lecithin organogel (BAK-PLO) was evaluated for its efficacy in treating CIPN. Patients who received BAK-PLO for four weeks reported a marked reduction in tingling, cramping, and shooting/burning pains when compared to placebotreated patients [125] . The efficacy of an amitriptylinekatamine (KA) cream containing 2% ketamine and 4% amitriptyline was further tested in a phase III randomized, placebo-controlled study involving 462 patients, who were asked weekly to describe any numbness, pain or tingling that they were experiencing. Unfortunately, KA cream displayed only a weak improvement in CIPN over a six-week period [103] . Notably, no evident systemic toxicity was observed in either case.
Additional drugs such as the nerve protective agent olesoxime and the ion channel-targeting neurosteroids have been established promising effect on CIPN in preclinical studies, which, however, are required to be further confirmed in human studies (Table 1) . Besides, nutraceuticals, including acety-L-carnitine, glutamine, vitamin E and A-Lipoic acid, have also been applied for CIPN intervention but achieved little positive clinical outcomes (Table 2) [126] .
CONCLUSION
CIPN is a common dose-limiting adverse condition caused by motor, sensory and autonomic nerve impairment induced by antineoplastic agents, of which sensory deficits are the most prominent clinically. Based on the pathogenesis of CIPN, an abundance of compounds has been developed to prevent or treat CIPN by blocking ion channels, targeting inflammatory cytokines and combating oxidative stress. The current effective mechanism-based therapeutics such as glutathione and mangafodipir appear to be promising for preventing the CIPN, while duloxetine is expected to be effective for CIPN treatment. However, more well-designed clinical studies are required regarding the type of chemotherapeutic agents used and their side effects. In addition, quite a few preclinical studies have investigated the promising effect of agents such as minocycline and metformin against pain and numbness in CIPN associated with taxol, paclitaxel and platinum drugs, as well as the protective effect on IENFs.
Further investigations should be conducted to confirm their efficacy and safety on human. 
